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Overview

= Motivation and description of the challenge

= The program and who is involved

= Theory inspired device design: GaAs, a specific example

Wavelength optimization
Properties of photoelectrons
Kinetic energy and NEA-surface
Dark current and surface states

=  Conclusions
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= Transmission Cathode is a complex heterogeneous structure with many
functionality layers

= Cathode (Photon-Electron Conversion Layer) is described in three step model.

= QE(v) depends on reflection losses of photons, absorption efficiency of cathode
layer, electron transport and recombination properties of cathode, and
emission properties of surface

= Noise behavior depends on surface states of photocathode:
1 out of 10%3!
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What do We Expect from a Good Photocathode
(Especially for the LAPPD-Project)

=  Physical Properties:
— High quantum efficiency in defined wavelength range (possibility of tailoring)
— Low dark-count probability (noise)
— Robust structure resulting in long lifetime
— Specific for application
e High count rate capability
e Ultrafast response
e Extreme wavelength response (x-rays/gamma rays)
"  Production Needs:

— Compatible with industrial large scale process technology
(Production has to be similar to solar panel production .......)

— Good production yield (with low sigma)
— Cathode has to be process compatible (Sealing technology)

— Production must tolerate large production-volume changes
(10.000m2 =
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QUANTUM EFFICIENCY: QE (%)

The Photocathode Families

Hamamatsu: http:/jp.hamamatsu.com/products/sensor-etd/pd014/index_en.htm

100180011364 SuffixPhotocathode Input Window
.74 oma
= ‘1\ o -71 GaAs Borgf;!gate
% \\< ) /,; 73 Enhanced Red| Borosilicate
10 ,'/—\ - — L : GaAsP Glass
l\ l/// \\\ —E = |‘\ _74 GaAsP BOngS;I;gate
~‘\\ ﬁ/ N ‘V-\/ﬁ— 26 InGaA Borosilicate
1 — — X =X :g = - nhans Glass
“n‘ 7 “\\ ‘l‘ “\\ “\\ Non | Multialkali | Synthetic Silica
1 | / \ L\ \
Enhanced Red et
Ny \[/ \ \ | \| | -01 Multialkali | Synthetic Silica
= /}‘ 3 ‘\k -02 Bialkali Synthetic Silica
%27\ . \
IN"S&/ \ -03 Cs-Te Synthetic Silica
O'O: 00 200 300 400 500 600 700 800 900 1000 1100
WAVELENGTH (nm)

Required spectral response still not clear (main application)

Future applications (combination with scintillators) will require response optimization
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Why are we Planning a
Large Cathode Effort?

=  Multi-Alkali seems to have
perfect cathode properties
= But
— Little understanding
— Small community
— No developed Industry

— Problems with mass-
production

= Existing lll-V cathode have
not the right properties
=  But
— Excellent understanding
— Large community

— Excellent developed
Industry

— Easy mass-production
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Property Multi-Alkali
Photocathode | Wavelength 150nm-500nm
Properties response
(typical)
Typical efficiency | 20% 20% 30-40%
Maximum 50% 60% 80%
efficiency
Wavelength low large Very high
tunability
Dark current ~100cps/cm?2 ~100cps/cm?2
Growth Single crystal no
properties substrate
Easy scalable yes yes
Large production Yes Yes
volume possible
Prefabrication Yes Yes
possible
Temperature Medium Medium
sensitive
Existing Industry Yes (foundries Yes (foundries
available) available)
Basic Physics | Good Yes Yes
understanding
Microscopic Yes Yes
understanding of
growth
2-D Fabrication Yes Yes
tools
3-D Fabrication Yes Some
tools
Theoretical Yes Yes
description
Band-structure Yes Yes
engineering
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The Concept of the Photocathode Project
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The People and Places

= |ntegration of 4 partners 1able
= Collaboration partners | User Facilities

brin g: Center for Nanoacale Materials
_ Electron Microscopy Center

— Growth expertise (llI-V
and multi-alkali) Theory & Characterization| | Characterization

—  World class growth Simulation Static Time Domaine
facilities

- S’Landatrd _an(‘:iunlfuei Wash
Characterization tools : 2

_ _ Window—Cathode Interface University

— Connection to industry

— Connection to science "
community (future i : i :
funding) v Multi— Multi-'  [II-V NIV

Hnemns Alkali  |_L| Alkali GaAs—base GaN-based
= Unique effort for cathodes | | Goal: ~T| Goal: Goal: Nitio Goal:
. Fabrication Implementation|Basic Basic
— Size of 8"x8" gf own understgnding Structures understanding
esign concepts Goal: &
— Completeness (growth, Leader: & develgpment of © . development of
- - - - ' design concept§rasy to fabricatd | Gesion concepth
macroscopic and microscopic Siegmund Egcsié%stan din P Ciliode gn P
characterization, theory/ e & | Legder: Leader:
simulation) gader: .ttenkofer & Buckley
Yusof i (UIUC)
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The Design Concept of the Photocathode Itself

Anti—reflection coating
(air—window)

Glass Window
Anti-reflection coating
Conduction Layer —— ! ! (window—cathode)
SIN-bonding Layer—» S ~__~~~ Bonding Line
AlAs/GaAs—Cathode o SiO2—protection layer

NEA-layer

We will only discuss this part (Bonding of GaAs is discussed by Ryan)
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\
Theory Inspired Design of Devices

Basic Energy Sciences (BES) supports fundamental research to understand, predict, and
ultimately control matter and energy at the electronic, atomic, and molecular levels in
order to provide the foundations for new energy technologies and to support DOE missions
in energy, environment, and national security.
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ENERGY (eV)

Wavelength Optimization of Layer Thickness:

The Optimization Criteria

Exited electrons

“thermalize” to CBM hot electrons
and diffuse to the escape without
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Efficiency depends on
— Probability to absorb photon
— Probability to reach surface

— (Probability to escape from surface is
thickness independent)

Case GaAs (only an example)
— Direct bandgap in IR (typical application)
— Typical absorption length for IR: 1um
— Absorption length for 400nm: 30nm-100nm
Consequences:
Cathode has to be by a factor 10 thinner!
— Photoelectron has defined kinetic energy

qv
I

— Thickness is thinner than mean free path-
length

— Crystallographic direction matters

— Defect density, strain, .... at the interface
between cathode and window matters!
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\
What Happens in a 100nm Thick GaAs Cathode

(400nm Photon)
Answer: NO

— Creation of hot electron
— Momentum in cathode plane!

Lot electrone f Gallium Arsenide (electron will not reach surface if not
escape without / 5 scattered)
thermahzmg E =1.4%V )
< 51 5 =  Result:
. - —
:———‘=$ - 4 LOW QE
I\""" 3} —  Very slow
' > :
Tl 5 = Solution:
O
\ g 1 — Increasing scattering probability
0 (can be done: tuning band structure to
-1f phonon distribution)
2F — Better: creating internal electric field
-3[ gradient
e By doping gradient (what we have done)

[lll] [100]

L —> e Or by external electric Field.
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The Doping Profile: The First Steps
Active layer with doping profile
Buffer layer

(GaAs substrate
(100)

\ = Doping profile

— Electric field distribution can be calculated
by commercial simulation programs

— Typical potential difference 0.1-0.2eV

}; = Influence on timing behavior

— Theoretical potential possible which
allows transient time independent from
absorption position!

— Optimization possible even for very hard
X-rays?

- e-{ .Oe- A
Grid Position (microns )
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The Emission Layer: \ |

The Standard Cleaning and Activation of GaAs

(2x4)/c(2x8) (4x2)/c(8x2)

As-rich Ga-rich

e-J. Surf. Sci. Nanotech. Vol. 5 (2007) 80-88
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The Activation and Dark Current
e-J. Surf. Sci. Nanotech. Vol. 5 (2007) 80-88

Ph
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s. Rev, Lett, 81, 721-724 (1998)

llaboration Meeting 2010

0.7F
0.6F
; >
a B Zos
; &
0.4} o - Cs/As rich
A - Cs/Garich
0.3
31V, 01mA 0 02 04 06 08 10
V0 Cs coverage, ML
a [ ] I.I .‘. .. ........ b .
(1/)2 ML D S SR éo)mpressed = Exact details of surface and
structure Q‘S L LX) ) phase Cs contribution determines
5 b‘ .O.'. o _0_ o o ..b . . .
£ ﬁ_.dOOOOO,.q,:q,:Q : IeIectronlc states of activation
f SOoOOTad he aver
® gegeuegetoyer y
QLaLlll = Dark counts are highly
T : effected by these details
H o T v 2= [pdo T !
fu Bgap | £ tur e = Effects of morphology
¢ ¢ i 7777 OOP Ut it unknown

Long term stability depends
on exact composition

16
6/10/10



Where We are Now?
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e-J. Surf. Sci. Nanotech. Vol. 5 (2007) 80-88
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The Next Steps:

The Growth and Activation Chamber

“ LAPPD: Second Collaboration Meeting 2010

Status of Chamber

Chamber is in design

First parts have
arrived

Key components are
designed

Characteristics

Small footprint

“easy” integration of
optical and electrical
insitu characterization

Large felxibility to
adapt various growth
and characterization
recipes

Minimum structural
characterization
(LEED)
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Conclusion

=  Program is established

— Build on three columns: Conservative approach, theory inspired design, large scale
industrial aspects

— Builds on expertise and infrastructure at different Laboratories and Universities

— Theory inspired design was first focused on GaAs samples
e Basic understanding of cathode physics and materials sciences aspects
e First samples grown and first exsitu experiments performed and compared with simulations
e Hardware is designed and currently build

= Large potential to overcome significant limitations of existing cathodes possible
— New concepts of wavelength optimization
— Employing of device design simulation tools
— Starting to understand dark current/surface composition correlation

= Requires strong interaction between growth, characterization, and simulation
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